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Abstract: In recent years, Qatar has witnessed exponential growth in the human population, urban-
ization, and increased anthropogenic activities, including agriculture. Potentially toxic environmental
contaminants, including metals and metalloids, are commonly found in emerging economies. At
high concentrations, elements such as As, Cr, and Ni can be hazardous and may lead to various
health problems in humans, including cancer. The current study measured As, Cd, Cr, Cu, Ni, Pb,
V, and Zn concentrations in agricultural soils. Pollution levels and potential negative impacts on
human and environmental health were determined using the United States Environmental Protection
Agency (USEPA) standard methodologies. According to the study’s findings, the studied element
concentrations descended in the following order: Zn > Cr > V > Ni > As > Cu > Pb > Cd. Of these,
As (27.6 mg/kg), Cr (85.7 mg/kg), Ni (61.9 mg/kg), and Zn (92.3 mg/kg) concentrations were
higher than average world background levels. Each of these elements also had an enrichment factor
(EF > 1), indicating their anthropogenic origin. The combined pollution load index (PLI > 1) and
geo-accumulation index (Igeo) range values of −0.2–2.5 further indicated that the soil was up to
58% polluted. However, the ecological risk factor (Er ≤ 40.6) and potential ecological risk index
(PERI = 79.6) suggested low ecological risk. A human health risk evaluation showed that only As,
with a hazard index (HI) of 1.3, posed a noncarcinogenic risk to infants. Additionally, As, Cr, and
Ni, with total carcinogenic risk (TCR) values of 1.18 × 10−4 and 2.06 × 10−4 for adults and children,
respectively, proved carcinogenic to both age groups. The elements’ carcinogenic risk (CR) potential
descended in the following order: Ni > As > Cr. Additionally, for both adults and children, oral
ingestion is the most likely exposure pathway. Our findings support the need for closer monitoring of
potentially toxic metals and metalloids levels in cultivated soils and farm produce in Qatar. Reducing
the elements’ bioavailability in soil and developing innovative remediation technologies is needed to
limit potential risks to human health. Further studies on As, Cr, and Ni gastrointestinal bioaccessi-
bilities are needed to fully understand the effects after long-term exposure and the cancer-causing
potential of these elements over a lifetime.
Keywords: toxic metals; arsenic (As); carcinogenic risk; agricultural soil; health and ecological
risk assessment
1. Introduction
In June 2017, Saudi Arabia, U.A.E., Bahrain, and Egypt, imposed a land, sea, and
air blockade on Qatar. Since the economic sanction, there has been a massive increase in
agricultural activities to boost local food production, cushion the blockade’s effect, and
ensure future food security and safety. The state has also introduced new enabling policies
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through public–private partnerships, infrastructural incentives, and increased research
funding. There are currently close to 2000 farms in Qatar, with over 200 being in the
open, irrigated areas that grow different kinds of vegetables during the winter [1]. Given
the soil’s nature, farmers adopt different agricultural practices to enhance its physical,
biological, and chemical properties. Amending soil using mature compost, ashes, biochars,
and imported soils are common. Using soil amendments improves soil fertility, increases
yield, and often offers protection against pathogens by enhancing soil nutrients and im-
portant microbes [2,3]. Over the years, there has been a remarkable increase in local food
production, especially vegetables, poultry, and dairy products. In 2018, the Ministry of
Municipality and Environment announced that Qatar achieved 82–98% self-sufficiency in
poultry products and dates and was expected to attain 90–100% self-sufficiency in fresh
vegetables and other food products by the end of the year 2020 [4].
However, the boost in agriculture and other activities, including construction, oil and
gas, and waste generation, due to exponential population growth, potentially increases
environmental pollution, posing significant concerns for human and ecological health [4,5].
Potentially toxic elements such as arsenic (As), copper (Cu), chromium (Cr), and lead
(Pb) are dangerous to the environment and humans [6,7]. These may find their way into
the human body by ingesting contaminated food products or direct inhalation and skin
exposure [8]. Humans’ long-term exposure to high levels of such pollutants can result in
various health problems, including cancer [5,9].
Previously, the occurrence of potentially toxic elements, including As, cadmium (Cd),
Cu, Cr, nickel (Ni), and Pb, in noncultivated soil in Qatar, has been reported [10,11]. Peng
et al. (2016) [12] found extreme concentrations of Cr, Cu, and Ni in agricultural soil. The
same study also reported varying levels of other potentially toxic metals, including As, Pb,
and zinc (Zn). However, based on standard guidelines, there are no studies about how
the reported metals are associated with health risks, particularly in humans. Since the
renewed local agricultural production efforts in Qatar, no study about the impact of metals
in cultivated soil and food products on human health has been conducted to the best of
our knowledge.
Various parameters to assess metals and metalloids’ human health and ecological
risks in soil and sediment are used. The biological, chemical and physical properties of
soils and the elements exposure routes vary widely. Therefore, robust parameters are
used to evaluate toxicant pollution levels and associated public health risks [13,14]. In
recent times, contamination factors (CF), geo-accumulation indexes (Igeo), and enrichment
factors (EF) have become popular for detecting pollution and indicating potential pollution
sources [15]. At the same time, cancer risk (CR) and hazard index (HI) are measurements
used to determine carcinogenic and noncarcinogenic risks to humans, respectively. CR
estimates the probability of adults or children developing cancer after exposure to poten-
tially carcinogenic elements. HI summarizes all the noncarcinogenic hazards of potentially
toxic elements. Several studies have linked the presence of these elements in soil to in-
creased agricultural activities such as the use of pesticides, animal manure, and other soil
amendments and their associated human health risks [4].
The present study aims to characterize agricultural soil in selected cultivated areas in
northern and central Qatar; evaluate the degree of As, Cd, Cr, Cu, Ni, Pb, V, and Zn pollu-
tion; assess potential ecological and human health risks (adults and children). As noted
above, due to Qatar’s small land size and Qatar soil’s arable nature, hydroponic-based
cultivation methods are the most widely practiced. Therefore, sampling locations with a
concentration of open, irrigated farms were chosen. Our findings, coming when the country
is prioritizing national food security and safety, are significant. They will help shape local
agricultural production policies and inform the creation of legislation and pollution man-
agement strategies to protect the environment and human health. They will also support
sustainable development based on the diversity of global climate, regional/country-specific
determinants of policy formulation, and political will towards environmental sustainability
for health.
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2. Materials and Methods
2.1. The Study Areas, Sampling, and Processing
Qatar is a low-lying peninsula characterized by the arch’s surface expression, one of
the Arabian plate’s most notable structural characteristics. Loose sand and pebbles broken
off the outcropping limestone cover it. While little is known about Qatar’s lithology, most
of the country’s surface lies on Cenozoic strata primarily composed of limestone and clay,
both of which are not fully exploited. Previous studies on the remediation of potentially
toxic metals and metalloids, including As, Cd, and Cr, found that the concentrations of
these elements in Qatar’s natural soil were often below the detection limit. Therefore, to the
best of our knowledge, there is no geological evidence that suggests that lithological events
increase metal concentration, particularly As, Cr, and Ni. The sites chosen for this study are
open irrigated farms spread across the northwestern and central parts of Qatar (Figure 1).
From January to April 2020, 50 soil samples from 10 separate locations, all within 70 km of
Doha city center, were gathered.




Figure 1. Sampling locations. 
2.2. Determination of the Soil Physical and Chemical Properties  
We determined soil physicochemical parameters, including pH, electrical conductiv-
ity (EC), total carbon (TC), total nitrogen (TN), and soil ionic contents. We measured pH 
using a portable digital pH meter (Mettler Toledo, FE20 ATC, Schwerzenbach, Switzer-
land) and EC (dS m-1) using an inductive electromagnetic device (Mettler Toledo, S230 
SevenCompact, Schwerzenbach, Switzerland). TC and TN were analyzed using a 
CHNS/O analyzer (Perkin Elmer, Series II 2400 CHNS/O Elemental Analyzer, Boston, 
MA, USA). All analyses were performed per equipment or instrument manufacturer’s 
guides and procedures, and as previously reported [10,11]. Soil ionic contents (cations and 
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Sampling locations were chosen randomly, and their coordinates were recorded (see
Table 1). From the chosen sites, cultivated produce included spinach, parsley, lettuce, silk,
dill, coriander, onion, Rocca, mint, and vegetable silk. Common soil amendments used to
improve soil fertility were compost manure, peat moss, and other imported soils. A clean
auger was used at each location to perform sampling about 30 cm below the soil’s surface
approximately every 40 m. A total of 50 soil samples were transported to the laboratory,
air, and oven-dried (at 60 ◦C temperature). Before soil sieving, tweezers were used to
remove visible plant material. The dried samples were sieved to remove fractions > 2.0 mm.
Fractions < 2.0 mm were further crushed into finer particles using an agate mortar and
sieved through a 0.25 mm mesh to obtain elemental analysis samples.
Table 1. Sampling locations and their corresponding coordinates.
Sampling Locations Location Coordinates
1 25◦49′28.1′′ N 51◦19′11.9′′ E
2 25◦39′09.7′′ N 51◦22′19.3′′ E
3 25◦42′37.9′′ N 51◦21′04.2′′ E
4 25◦41′13.6′′ N 51◦25′35.1′′ E
5 25◦52′17.7′′ N 51◦22′07.1′′ E
6 25◦20′00.6′′ N 51◦08′51.8′′ E
7 25◦33′47.6′′ N 51◦09′32.3′′ E
8 25◦21′17.1′′ N 51◦13′40.0′′ E
9 25◦25′00.3′′ N 51◦22′29.7′′ E
10 25◦27′22.1′′ N 51◦22′42.9′′ E
2.2. Determination of the Soil Physical and Chemical Properties
We determined soil physicochemical parameters, including pH, electrical conductivity
(EC), total carbon (TC), total nitrogen (TN), and soil ionic contents. We measured pH using a
portable digital pH meter (Mettler Toledo, FE20 ATC, Schwerzenbach, Switzerland) and EC
(dS m-1) using an inductive electromagnetic device (Mettler Toledo, S230 SevenCompact,
Schwerzenbach, Switzerland). TC and TN were analyzed using a CHNS/O analyzer
(Perkin Elmer, Series II 2400 CHNS/O Elemental Analyzer, Boston, MA, USA). All analyses
were performed per equipment or instrument manufacturer’s guides and procedures, and
as previously reported [10,11]. Soil ionic contents (cations and anions) were extracted
in water and analyzed using Ion Chromatography (Metrohm, MagIC Net 3.3, Herisau,
Switzerland). Briefly, 10 g of each sample was mixed with 50 mL water and shaken for 24 h.
The extracted samples were transferred into new tubes and injected into the IC instrument
to determine analyte concentrations. All sample analyses were performed in replicates,
and averages of the acquired data were reported.
2.3. Metals Quantification
Sieved soil samples were prepared for microwave-assisted digestion of metals using
analytical grades of hydrochloric acid (HCl), nitric acid (HNO3), and hydrogen fluoride
(HF). Before digestion, all tubes and other glassware were soaked, thoroughly washed
with HCl, and repeatedly rinsed with deionized water. A calibrated analytical balance was
used to weigh 0.25 g of each soil sample. Afterward, 6 mL HCl, 2 mL HNO3, and 2 mL HF
were added to a total volume of 10 mL of each sample, gently swirled, and transferred into
the microwave digester, Buck Scientific (Master Series HP-40), at alternating temperature
cycles. After the completed digestion cycles, solutions were moved to 150 mL flasks to be
cooled and filtered. Each sample’s solutions were then topped off with deionized water to
create a final volume of 150 mL.
After digestion, the concentrations of As, Cd, Cu, Cr, Pb, Ni, V, and Zn were de-
termined by directly injecting the samples into an Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) (Nex Ion 300D). According to the USEPA classification and previ-
ous reports on such metals in Qatari soil [12,16], all analytes were chosen based on public
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health risks [10,11]. For result validation, quality assurance and control procedures such as
Reagent blanks, lab duplicates at every 10th sample, and the National Institute Standard
for soil (2709a) were used during analyses. The % recovery of all analyzed metals in certi-
fied material were between 91% and 109%. Additionally, for all elements, concentrations
(mg/kg) were below detection limit in the reagents blanks, and corresponds to the actual
samples concentrations with slight variations (within ±1.4 mg/kg) in the lab duplicates.
2.4. Contamination Factor (CF)
The CF of all the analyzed metals were determined using soil quality standard guide-




where CFn is the contamination factor of each metal, Csample is determined metal concen-
trations, and Cbackground is metal background concentration (Supplementary Table S6).
2.5. The Pollution Load Index (PLI)
The PLI indicates combined or mutual pollution effects of all the metals found at
different sampling sites [19]. The PLI was computed as mean CF values of metals n using
the below equation,
PLI = (CF1 ×CF2 ×CF3 . . .×CFn)
1
n
where PLI is the pollution load index, n is the number of analyzed metals, and CFn is the
contamination factor of metals. A PLI value of 1 or > 1 indicates pollution, while values < 1
suggest metal levels being near background levels [20].
2.6. Geo-Accumulation Index (Igeo) and Enrichment Factor (EF)
The use of Igeo was introduced by Muller (1969) [19] and has become an important
index for assessing pollution levels in soil and sediment samples [9,21]. To calculate Igeo,






where Csample is the determined metal concentration and Cbackground represents the average
geochemical background values of determined metal concentrations. Average geochemical
background concentration values are provided in Supplementary Table S6 [22,23]. The Igeo
values 3 < Igeo ≤ 4; 2 < Igeo ≤ 3; 1 < Igeo ≤ 2; 0 < Igeo ≤ 1; Igeo < 0 indicate heavy, moderate
to heavy, moderate, not polluted to moderate, and not polluted soils, respectively.
The enrichment factor (EF) provides essential information for evaluating the degree





where EF is the metal enrichment factor; x, Cx is the determined concentration of the metal
x in soil (mg kg−1), Cref is the reference metal concentration in soil (mg/kg), and Cx/Cref
is the ratio of the determined metal concentration to that of the background concentration
of reference metal.
EF values are used to evaluate contamination levels and determine whether possible
sources were natural, such as the weathering process, or anthropogenic, such as agriculture
and other industrial activities. It involves the normalization of sediments relative to
reference elements, for example, scandium (Sc), titanium (Ti), and manganese (Mn) [24],
iron (Fe), and aluminum (Al) [25]. It is worth mentioning that the concentrations of other
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elements from the same samples, including Al, Co, and Mn, were determined but not
reported. Therefore, Mn concentration from the same sample was used as the reference
element as most symbolized by Loska [26] and Ahamad et al. (2020) [27].
2.7. Ecological Risk Analysis
This study evaluated the ecological risks related to the analyzed metals using pa-
rameters, the possible risk of a given metal (Er), and the potential ecological risk index













where Cif is the contamination factor; C
i
D is the mean concentration of the metal; C
i
r is
the pre-industrial reference values (PRV) of the sediments; Er is the potential risk of an
individual metal; Tir stands for toxic-response factor (TRF) for a given metal; PERI is the
sum of the potential risk of an individual metal, and m represents the number of the
metals. In this study, the ecological risk index classifications were based on [28]. Hakanson
classified the Er as follows: Er < 40, 40 ≤ Er < 80, 80 ≤ Er < 160, 160 ≤ Er < 320, and
Er ≥ 320 as low, moderate, considerable, high, and very high potential ecological risks,
respectively; while PERI was classified as follows: RI < 150, 150 ≤ RI < 300, 300 ≤ RI < 600,
and RI ≥ 600 as low, moderate, considerable, and very high ecological risks, respectively.
2.8. Health Risk Analysis
For this work, the human health risks related to the analyzed metals were evaluated
as described in [9,31]. Additionally, the United States Environmental Protection Agency
(USEPA) regulations for assessing both noncarcinogenic and carcinogenic risks in human
children and adults were used [32].
The noncarcinogenic risks for humans via dermal contact, inhalation, and ingestion
were analyzed using the inputs ADDinhalation, ADDdermal, and ADDingestion which cor-
responded to mouth and nose inhalation, skin exposure, and oral intake (mg/kg/day),
respectively. The human cancer risk of being exposed to the analyzed metals via the
inhalation pathway estimates the cumulative probability of individuals developing cancer
over time after exposure to a potential carcinogen (i.e., the metal). The following equations
were used:
ADDingestion =








Csoil × InhR × EF X ED
BWA × ETA × EFp




Csoil × InhR × EF X ED
BWA × ETca × EFp
× SFinhalation
CRdermal =
Csoil × ESAs× ABS × AFs× EF X ED
BWA × ETA
× 10−6 × SFdermal
CRingestion =
Csoil × IngR × EF × ED
BWA × ETca
× 10−6 × SFingestion
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TCR = ∑
(
CRingestion + CRdermal + CRinhalation
)
where ADD is the average daily dose and Csoil (mg/kg), InhR (m3/day), and IngR (mg/kg)
are metal concentrations in the soil and inhalation and ingestion rates, respectively. Expo-
sure frequency and duration are represented as EF (day/year) and ED (year), respectively.
ETA, BWA , ESAs , and AFs stand for the average time of exposure (day), exposed body
weight (kg), exposed skin area (cm2), and adherence factor (mg/cm2), respectively. EFp
represents the particle emission factor (m3/kg), whereas RfDi stands for the reference dose
(mg/kg/day) and i the number of exposure pathways. HQ represents the hazard quotient,
while HI is the calculated reference dose and hazard quotient. All result interpretations and
health risk analyses were based on USEPA guidelines and were previously used in similar
studies. The definitions and reference values for parameters used to estimate average daily
intake (ADI) for noncarcinogenic and carcinogenic risk, metals reference doses (RfD), and
the cancer slope factors (SF) for As, Cr, and Ni are provided in the Supplementary Data
Tables S1–S3.
2.9. Statistical Analysis
Statistical analysis of the dataset was conducted using Microsoft Office Excel and SPSS
16.0 (SPSS Inc., Chicago, IL, USA). Variable distribution was studied using descriptive
statistics and Pearson’s correlation coefficients.
3. Results and Discussion
3.1. The Soil Properties
The results of the soil physicochemical parameters pH, EC, TN, TC, and ionic contents
are provided in Supplementary Tables S4 and S5. Across all sampling locations, the pH
and EC (dS m−1) values ranged from 7.1 ± 0.0 to 7.7 ± 0.5 and 57 ± 0.0 to 1158 ± 2.68,
respectively, and the TC and TN values ranged from 6.3 ± 0.8 to 8.9 ± 1.3 and 0.2 ± 0.0 to
0.4 ± 0.0, respectively (Supplementary Table S4). The ionic content measurements showed
noticeably high sodium and chloride ion concentrations (mg/kg) with the maximum being
10,407.2 ± 2736.7 and 16,327.5 ± 4492.9, respectively (Supplementary Table S5). Except for
TC, the values of all physical and chemical parameters were within previously reported
ranges and translated to the general soil properties in Qatar: neutral pH, sandy-saline, and
rich in calcium and magnesium ions [7,12]. The relatively high TC (%) levels, ranging from
4.7± 0.1 to 8.9± 1.2 can be attributed to the carbonates in the studied soils, especially since
no previous decarbonization was performed to estimate organic carbon contents. Other
factors are the widespread application of soil amendments, such as composted manure
and biochars, in the sampled areas [33]. It is worth noting that these areas have witnessed
an unprecedented use of large quantities of soil amendments in the last three years.
3.2. Metals Concentrations, Descriptive Statistics, and Correlation Analysis
Descriptive statistics of the metal concentrations across all sampled locations were
performed, and the results are provided in Supplementary Table S6. The concentrations
of V, Cr, Ni, Zn, Cu, As, Cd, and Pb in soils varied from 46.7 to 120.6, 39.5 to 148.1, 24.1 to
131.2, 35.8 to 168.8, 11.6 to 44.9, 14.3 to 52.3, 0.1 to 0.7, and 5.9 to 34.3 mg/kg, respectively,
with mean ± SD concentrations of 75.4 ± 20.1, 85.7 ± 24.4, 61.9 ± 29.1, 92.4 ± 30.6,
25.6 ± 7.2, 27.6 ± 9.7, 0.2 ± 0.1, and 18.2 ± 7.1 mg/kg, respectively. Overall, the metal
concentrations descended as follows: Zn > Cr > V > Ni > As > Cu > Pb > Cd. Our result is
consistent with the finding of Peng et al. (2016) [12], where high concentrations of As, Cr,
Ni, and Zn were reported in Qatari agricultural soils. At such concentrations, the levels
of As, Ni, Cr, and Zn in the study area soils are noticeably higher than the geochemical
background concentrations, being approximately 4.0, 2.1, 1.4, and 1.3 times higher than
their corresponding background values, respectively. According to Kabata-Pendias and
Mukherjee [22], the standard background concentrations (mg/kg) for As, Ni, Cr, and Zn
are 6.8, 59.5, 29, and 70, respectively. Therefore, our findings suggest that these elements’
elevated levels in the study areas could be due to increased agricultural activities.
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The coefficient of variation (CV) can also indicate the source of metal pollution. Mean
metal concentrations with a low CV are generally due to natural resources, while elements
with a high CV result from anthropogenic activities [34,35]. The CVs for V, Cr, Ni, Zn,
Cu, As, Cd, and Pb were 26.7%, 28.5%, 46.9%, 33.1%, 28.1%, 35.2%, 57.9%, and 39.1%,
respectively (Supplementary Table S6). The CV of the elements concentrations in the soils
descended as follows: Cd > Ni > Pb > Zn > As > Cr > Cu > V. The CV of all the studied
metals ranged from 25% to 50%, demonstrating a moderate degree of variation in the metal
pollution in the investigated areas. These findings suggest that the soil in the study areas
was severely affected by distinct inputs related to anthropogenic activities and natural and
external influences [9,35].
The relationships between different metals were analyzed, and the correlation coef-
ficients are shown in Supplementary Table S6. The results indicate a mixed relationship
between elements. A positive correlation exists for V-Cr-Ni-Cu-Cd-Zn-Pb, indicating that
these metals may come from similar sources. However, the correlation of As with all the
studied metals was negative, suggesting that the studied areas have a unique origin. Previ-
ous research shows that Cr, Ni, and V in soil primarily comes from parent materials [14,36].
In contrast, increased levels of other metals are more likely to occur because of anthro-
pogenic sources. For instance, agricultural activities, including phosphate fertilizers and
pesticides, contribute to high Pb and Zn levels [36]. Additionally, coal fly ashes and the
combustion of petroleum products result in the atmospheric deposition of As increasing
metal levels in agricultural soils [37,38].
3.3. Metals Contamination Level and Potential Ecological Risks Assessment
3.3.1. Enrichment Factor (EF)
The EF can be used to assess the extent of metal pollution in soil due to human activi-
ties. In general, an EF < 1.0 specifies that an element is made up of crustal materials or was
created by natural weathering processes, whereas an EF > 1.0 implies anthropogenicity [35].
Figure 2A displays EF values of V, Cr, Ni, Zn, Cu, As, Cd, and Pb that range from 0.5 to 0.9,
0.9 to 2.9, 1.5 to 2.7, 0.8 to 2.6, 0.5 to 1.2, 1.9 to 11.9, 0.3 to 12.9, and 0.3 to 1.4, respectively.
The average EF of metals descended in the order As > Ni > Cr > Zn > Cd > Pb > Cu > V,
with representative values of 0.6, 1.5, 2.1, 1.4, 0.7, 4.6, 0.8, and 0.7, respectively. Therefore,
given that Ni, Cr, and Zn have EFs > 1, the levels of these elements can be further attributed
to human activities while the levels of Cd, Cu, Pb, and V, with EFs < 1, can be attributed to
the parent rock material or natural weathering processes.




Figure 2. (A) Metals enrichment factors (EF); (B) geo-accumulation index (Igeo). 
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1.3, 0.7, 4.0, 0.6, and 0.7, respectively. The CF values descended in the following order: As > 
Ni > Cr > Zn > Pb > Cu > V > Cd. Pb, Cu, V, and Cd CFs show a low contamination level. 
In contrast, Ni, Cr, and Zn CFs indicate a moderate contamination level. Given its rela-
tively higher CF value, the As contamination level is greater than that of the other ele-
ments. The PLI values ranged from 0.6 to 1.5, with a mean value of 1.1 (Figure 3C). The 
results also show that up to 58% (PLI > 1) of the study area may be contaminated with the 
elements, while 42% (PLI ˂ 1) may not. Together, the CF and PLI results confirm As, Cr, 
Ni, and Zn contamination in all the studied areas, while more than half of the areas could 
be contaminated with all the analyzed elements suggesting that these areas should be 
closely monitored.  
3.3.4. Ecological Risk Factor (Er) and Potential Ecological Risk Index (PERI) 
Throughout history, ecological risk indexes have been utilized to illustrate that many 
biological communities are susceptible to potentially toxic metals [40]. In the present 
study, the ecological risk factor (Er) and potential ecological risk index (PERI) values were 
calculated and are presented in Figure 3B. The Er values for V, Cr, Ni, Zn, Cu, As, Cd, and 
Pb were 1.2, 2.9, 10.7, 1.3, 3.3, 40.5, 16.5, and 3.4, respectively. These results show that all 
the metals have an Er ≤ 40.46, indicating low to moderate ecological risks [28]. The Er 
values descended in the following order: As > Cd > Ni > Pb > Cu > Cr > Zn > V. PERI were 
computed using the ecological risk sum (Er) of individual metals for each soil sample. 
These values ranged from 45.5 to 132.2, with a mean value of 79.7 (Figure 3C), showing a 
low potential ecological risk. 
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3.3.2. Geo-Accumulation Index (Igeo)
The geo-accumulation index (Igeo) is often used worldwid to assess the cumulativ
lev l of metals a d m talloids pollution in soils [39]. In this study, the elemental pollution
levels in soils was evaluated using the geo-accumulation index. The results obtained are
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shown in Figure 2B. The Igeo value ranges for V, Cr, Ni, Zn, Cu, As, Cd, and Pb were
−0.9 to 0.5, −0.0 to 1.9, 0.3 to 2.8, −0.4 to 1.9, −1.7 to 0.2, 1.6 to 3.5, −1.6 to 1.4, and −1.6
to 0.9, respectively, with an average value of −0.2, 1.1, 1.5, 0.9, −0.7, 2.5, −0.4, and −0.1,
respectively (Figure 2B).
The Igeo values descended in the following order: As > Ni > Cr > Zn > Pb > V > Cd
> Cu. In general, the V, Cd, and Pb mean values are measured as “not polluted,” while
the mean value of Zn is indicative of “not polluted to moderately polluted” conditions.
In comparison, Cr and Ni’s mean values indicate “moderately polluted” conditions, and
the mean value of As exhibits “moderately polluted to heavily polluted” conditions in the
investigative areas.
3.3.3. Contamination Factor (CF) and Pollution Load Index (PLI)
The CF and PLI results are shown in Figure 3A,C, respectively. CF indicates elemental
pollution level while PLI determines the combined degree of pollution by the different
pollutants [17]. The CF values for V, Cr, Ni, Zn, Cu, As, Cd and Pb were 0.9, 1.4, 2.3, 1.3,
0.7, 4.0, 0.6, and 0.7, respectively. The CF values descended in the following order: As
> Ni > Cr > Zn > Pb > Cu > V > Cd. Pb, Cu, V, and Cd CFs show a low contamination
level. In contrast, Ni, Cr, and Zn CFs indicate a moderate contamination level. Given its
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3.3.4. Ecological Risk Factor (Er) and Potential Ecological Risk Index (PERI)
Throughout history, ecological risk indexes have been utilized to illustrate that many
biological communities are susceptible to potentially toxic metals [40]. In the present
study, the ecological risk factor (Er) and potential ecological risk index (PERI) values were
calculated and are presented in Figure 3B. The Er values for V, Cr, Ni, Zn, Cu, As, Cd, and
Pb were 1.2, 2.9, 10.7, 1.3, 3.3, 40.5, 16.5, and 3.4, respectively. These results show that all
the metals have an Er ≤ 40.46, indicating low to moderate ecological risks [28]. The Er
values descended in the following order: As > Cd > Ni > Pb > Cu > Cr > Zn > V. PERI
were computed using the ecological risk sum (Er) of individual metals for each soil sample.
These values ranged from 45.5 to 132.2, with a mean value of 79.7 (Figure 3C), showing a
low potential ecological risk.
3.4. Potential Human Health Risks Assessment
In this study, an evaluation of adult and child human health risks of the quantified
ingestion, dermal, and inhalation exposure to the metals V, Cr, Zn, Cu, As, Cd, and Pb in
the sampled agricultural soils was performed. Noncarcinogenic health risks are shown
in Table 2. According to the results, the mean hazard quotient (HQ) values for both
adults and children via ingestion (HQingestion), inhalation (HQinhalation), and dermal
touch (HQdermal) exposure pathways descend in the following order: HQingestion >
HQdermal > HQinhalation indicating that, for both groups, soil ingestion is the major
exposure pathway for all the metals analyzed in this study. The HQingestion values for
adults for V, Cr, Ni, Zn, Cu, As, Cd, and Pb ranged from 1.13 × 10−2 to 2.91 × 10−2, 2.22 ×
10−2 to 8.33 × 10−2, 2.03 × 10−3 to 1.11 × 10−2, 2.02 × 10−4 to 9.50 × 10−4, 4.89 × 10−4
to 1.90 × 10−3, 8.04 × 10−2 to 2.94 × 10−1, 3.04 × 10−4 to 1.60 × 10−2, and 7.14 × 10−3 to
4.13 × 10−2 with calculated HQingestion mean values of 1.82 × 10−2, 4.82 × 10−2, 5.23
× 10−3, 5.20 × 10−4, 1.08 × 10−3, 1.56 × 10−1, 1.03 × 10−3, and 2.19 × 10−2, respectively
(Table 2). Similarly, HQingestion values for children for V, Cr, Ni, Zn, Cu, As, Cd, and
Pb ranged from 8.05 × 10−2 to 2.08 × 10−1, 1.59 × 10−1 to 5.95 × 10−1, 1.45 × 10−2 to
7.91 × 10−2, 1.44 × 10−3 to 6.79 × 10−3, 3.49 × 10−3 to 1.36 × 10−2, 5.74 × 10−1 to 2.10,
2.17 × 10−3 to 1.14 × 10−1, and 5.10 × 10−1 to 2.95 × 10−1 with calculated HQingestion
mean values of 1.30 × 10−1, 3.45 × 10−1, 3.74 × 10−2, 3.71 × 10−3, 7.72 × 10−3, 1.11, 7.37
× 10−3, and 1.57 × 10−1, respectively (Table 2). When compared, the mean HQ values
for the different exposure routes between adults and children show that all the metal HQ
values recorded are higher in the children group than the adult group (Table 2). Our results
aligned with previous work in other parts of the world [41,42], indicating that children are
at a higher noncancer health risk than adults due to higher soil ingestion potential and
relatively lower body mass [43].
Furthermore, of all the metals studied, risks due to As ingestion were the highest and
posed more significant health hazards to children (HQ = 1.11) than adults (HQ = 1.56× 10−1).
According to [44], HQ values of ≤ 1 for a given metal indicate a safe level. However, con-
sidering the HQ safe level limits for HQingestion, only As posed a noncarcinogenic health
risk and only in children, suggesting that the other metals studied were within acceptable
limits in real terms. This finding agrees with [14], who reported that As contamination in a
Chinese urban soil sample was potentially harmful to children via oral ingestion, but not
adults. Similarly, another study in abandoned gold mines in Ghana reported a significant
health risk in children due to As contamination in the area [44].
In Figure 4A,B, the resulting hazard indexes (HI) for V, Cr, Ni, Zn, Cu, As, Cd, and Pb
in adults and children are shown.
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Table 2. The total metals daily intakes (mg/kg/day) via different exposure pathways and hazard index (HI) (noncarcinogenic
health risk) in adults and children.
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 V Cr Ni Zn Cu As Cd Pb 
HQingestion Adults 
Mean 1.82 × 10−2 4.82 × 10−2 5.23 × 10−3 5.20 × 10−4 1.08 × 10−3 1.56 × 10−1 1.03 × 10−3 2.19 × 10−2 
Min 1.13 × 10−2 2.22 × 10−2 2.03 × 10−3 2.02 × 10−4 4.89 × 10−4 8.04 × 10−2 3.04 × 10−4 7.14 × 10−3 
Max 2.91 × 10−2 8.33 × 10−2 1.11 × 10−2 9.50 × 10−4 1.90 × 10−3 2.94 × 10−1 1.60 × 10−2 4.13 × 10−2 
 Children 
Mean 1.30 × 10−1 3.45 × 10−1 3.74 × 10−2 3.71 × 10−3 7.72 × 10−3 1.11 7.37 × 10−3 1.57 × 10−1 
Min 8.05 × 10−2 1.59 × 10−1 1.45 × 10−2 1.44 × 10−3 3.49 × 10−3 5.74 × 10−1 2.17 × 10−3 5.10 × 10−2 
Max 2.08 × 10−1 5.95 × 10−1 7.91 × 10−2 6.79 × 10−3 1.36 × 10−2 2.10 1.14 × 10−1 2.95 × 10−1 
HQdermal Adults 
Mean 7.25 × 10−3 1.92 × 10−4 7.73 × 10−5 1.04 × 10−5 1.44 × 10−5 4.54 × 10−2 4. 2 × 10−6 2.34 × 10−4 
Min 4.49 × 10−3 8.87 × 10−5 3.00 × 10−5 4.0  × 10−6 6.50 × 10−6 2.35 × 10−2 1.21 × 10−6 7.6  × 10−5 
Max 1.16 × 10−2 3.33 × 10−4 1.64 × 10−4 1.89 × 10−5 2.52 × 10−5 8.60 × 10−2 6.37 × 10−5 4.41 × 10−4 
 Children 
Mean 3.64 × 10−2 9.65 × 10−4 3.88 × 10−4 5.20 × 10−5 7.21 × 10−5 2.28 × 10−1 2.06 × 10−5 1.17 × 10−3 
in 2.25 × 10−2 4.45 × 10−4 1.50 × 10−4 2.02 × 10−5 3.26 × 10−5 1.18 × 10−1 6.08 × 10−6 3.82 × 10−4 
ax 5.82 × 10−2 1.67 × 10−3 8.21 × 10−4 9.50 × 10−5 1.26 × 10−4 4.31 × 10−1 3.20 × 10−4 2.21 × 10−3 
HQinhalation  Adults 
Mean 2.67 × 10−6 7.44 × 10−4 7.47 × 10−7 7.65 × 10−8 1.59 × 10−7 5.58 × 10−5 1.33 × 10−6 1. 8 × 10−6 
Min 1.66 × 10−6 3.43 × 10−4 2.90 × 10−7 2.97 × 10−8 7.19 × 10−8 2.88 × 10−5 3.92 × 10−7 4.18 × 10−7 
ax 4.28 × 10−6 1.29 × 10−3 1.58 × 10−6 1.40 × 10−7 2.79 × 10−7 1.06 × 10−4 2.06 × 10−5 2.42 × 10−6 
 Children 
Mean 3.63 × 10−6 1.01 × 10−3 1.01 × 10−6 1.04 × 10−7 2.16 × 10−7 7.57 × 10−5 1.81 × 10−6 1.74 × 10−6 
in 2.25 × 10−6 4.65 × 10−4 3.94 × 10−7 4.03 × 10−8 9.76 × 10−8 3.91 × 10−5 5.32 × 10−7 5.67 × 10−7 
Max 5.81 × 10−6 1.75 × 10−3 2.15 × 10−6 1.90 × 10−7 3.79 × 10−7 1.43 × 10−4 2.80 × 10−5 3.28 × 10−6 
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Figure 4. The metals HI: (A) adult; (B) child.
The mean HI values of V, Cr, Ni, Zn, Cu, As, Cd, and Pb for adults were 2.54 × 10−2,
4.92 × 2, 5.31 × 10−3, 5.30 × 10−4, 1. × 1 −3, 2.01 × 10−1, 1.04 × 10−3, and 2.22 ×
10−2, respectively, and for children were 1.66 × 10−1, 3.47 × 10−1, 3.78 × 1 −2, 3.77 ×
10−3, 7.80 × 10−3, 1.34, 7.39 × 10−3, and 1.58 × 10−1, respectively. The HI values for adults
and children ascended as follows: As > Cr > V > Pb > Ni > Cu > Cd > Zn (Figure 4A,B).
An HI value of <0.01 indicates the nonhazardous potential of a given element [45]. In
the current study, consistent with the HQ results, all HI values, except for As, were <0.01,
corroborating that the other elements were within safe limits.
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Generally speaking, our findings indicate that children are 6.7 times more likely to
experience higher noncarcinogenic effects and are more susceptible to adverse health
effects than adults since oral consumption, via hand and mouth, is more common among
juveniles [46,47]. Carcinogenic risk (CR) exposures to As, Cr, and Ni were evaluated for
adults and children and presented in Table 3 and Figure 5A,B.
Table 3. The metals carcinogenic risk for adults and children posed by As, Cr, and Ni according to the three exposure pathways.
Adults Children
Cr Ni As Cr Ni As
CRingestion
Mean 2.48 × 10−5 6.10 × 10−5 2.40 × 10−5 4.43 × 10−5 1.09 × 10−4 4.29 × 10−5
Min 1.14 × 10−5 2.37 × 10−5 1.24 × 10−5 2.04 × 10−5 4.23 × 10−5 2.22 × 10−5
Max 4.29 × 10−5 1.29 × 10−4 4.54 × 10−5 7.66 × 10−5 2.31 × 10−4 8.12 × 10−5
CRdermal
Mean 3.96 × 10−7 6.08 × 10−7 7.01 × 10−6 4.96 × 10−7 7.62 × 10−7 8.78 × 10−6
Min 1.82 × 10−7 2.36 × 10−7 3.62 × 10−6 2.29 × 10−7 2.96 × 10−7 4.54 × 10−6
Max 6.84 × 10−7 1.29 × 10−6 1.33 × 10−5 8.57 × 10−7 1.61 × 10−6 1.66 × 10−5
CRinhalation
Mean 3.06 × 10−8 4.75 × 10−9 3.55 × 10−9 1.04 × 10−8 1.61 × 10−9 1.21 × 10−9
Min 1.41 × 10−8 1.84 × 10−9 1.84 × 10−9 4.79 × 10−9 6.26 × 10−10 6.23 × 10−10
Max 5.29 × 10−8 1.01 × 10−8 6.73 × 10−9 1.80 × 10−8 3.41 × 10−9 2.28 × 10−9
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In this study, the CRingestion, CRdermal, and CRinhalation values of the metals de-
crease as follows: CRingestion > CRdermal > CRinhalation, signifying that ingestion is the 
main carcinogenic exposure pathway. This result is also consistent with our noncarcino-
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support our results.  
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Figure 5. The metals total carcinogenic risks (TCR): (A) adult; (B) child.
According to USEPA, CR and TCR values below 1 × 10−6 are considered negligible
and indi ate that the subject element is noncarcinogenic, values bove 1 × 10−4 indicate
the carcinog nic potential of metals to humans, and values between 1 × 0−4 and 1 × 10−6
are co sidered safe [48].
In this tudy, the CRingestion, CRdermal, and CRinhalation values of the metals
decrease as follows: CRingestion > CRdermal > CRinhalation, signifying tha inges ion is
the main carcinogenic exposure pathway. This result is ls consistent with our noncarcino-
genic risk results. Further, previous works by Adimalla [49] and Jiang et al. [35] strongly
support ou results.
The combined elements (As, Cr, and Ni) total CR values for adults and children were
1.18 × 10−4 and 2.06 × 10−4, respectively. Bo h values re larger than the tolerable risk
limit (1.00 × 10−4). Howev r, furth r supporting the concept of noncarcinogenic health
risk, compared to adults, children demonstrate higher cancer risk when exposed to these
elements in the following order: Ni > As > Cr. Additionally, compared to children, As,
Cr, and Ni CR values are lower in adults. These results demonstrate that Ni presents a
greater carcinogenic health risk to children than adults. Together, our findings suggest
that, though both adults and children risk developing cancer over a lifetime due to Ni,
As, and Cr contamination, these risks are generally higher in children. Several studies
Toxics 2021, 9, 35 13 of 15
have reported the carcinogenic potential of the elements that were studied in this work.
For instance, a recent study by [50] found both adults and children to have significant
cancer risk due to exposure to As in rice grown in contaminated agricultural soil. Other
studies have also documented varying degrees of As, Ni, and Cr cancer risk potentials to
humans in different environmental compartments and edible tissues in other regions of the
world [51].
4. Conclusions
This study evaluates As, Cd, Cu, Cr, Ni, Pb, V, and Zn contamination levels in
Qatar agricultural soils and potential ecological and human health risks according to
USEPA’s standard methodologies. The results presented in this work confirm that levels of
As, Cr, and Ni in studied soil samples are significantly higher than their corresponding
background levels. A human health risks analysis shows that oral ingestion could be the
principal exposure pathway in adults and children compared to dermal contact, mouth,
and nose inhalation. Although both groups may be at risk when exposed to As, Cr,
and Ni contamination, children are more vulnerable and likely to develop cancer. Our
findings strongly support authorities’ need to closely monitor potentially toxic elements
in agricultural soils and farm produce. Reducing the bioavailability of such elements in
soil and developing innovative remediation technologies is needed to limit potential risks
to human health. The concentration of these elements in vegetables harvested from the
studied areas should be investigated, and more attention be given to the health of children
living in surrounding areas. Therefore, future investigations will include a larger number of
cultivated soils, larger samples, and primary leafy vegetables grown in the areas analyzed
in this study. These will generate more data that is essential for adequately informing new
policies and regulating the emerging agricultural sector.
Supplementary Materials: The following are available online at https://www.mdpi.com/2305-630
4/9/2/35/s1, Table S1: Definitions and reference values for parameters used to estimate average
daily intake (ADI) for noncarcinogenic and carcinogenic risk, Table S2: Metals reference doses (RfD),
Table S3: As, Cr, and Ni cancer slope factors (SF), Table S4: Soil physicochemical parameters, Table S5:
Soil ionic contents, Table S6: Descriptive statistics of the soil metals concentrations, and Table S7: The
metals correlation coefficients (Pearson’s).
Author Contributions: Conceptualization, K.U.; methodology, K.U. and M.A.; software, M.R.;
validation, K.U., M.A. and M.R.; formal analysis, K.U. and M.R.; investigation, K.U. and M.A.;
resources, M.A. and H.A.J.; data curation, K.U. and M.R.; writing—original draft preparation, K.U.;
writing—review and editing, K.U., M.S., H.A.J. and M.R.; supervision, M.A.; project administration,
H.A.J.; funding acquisition, H.A.J. and M.A. All authors have read and agreed to the published
version of the manuscript.
Funding: This work was funded by the Qatar University’s Vegetable Factory Project [QUEX–CAS–
MJF–VF 18/19]; the Agricultural Research Station; and Central Laboratories Unit (CLU).
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary materials.
Acknowledgments: The authors are grateful to Mohammad Ibrahim and Atsushi Kato for their
support during sampling and elemental analysis, respectively.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Abusin, S.A.; Mandikiana, B.W. Towards sustainable food production systems in Qatar: Assessment of the viability of aquaponics.
Glob. Food Secur. 2020, 25, 100349. [CrossRef]
2. Kishor, P.; Ghosh, A.; Kumar, D. Use of fly ash in agriculture: A way to improve soil fertility and its productivity. Asian J. Agric.
Res. 2010, 4, 1–14.
3. Lwin, C.S.; Seo, B.-H.; Kim, H.-U.; Owens, G.; Kim, K.-R. Application of soil amendments to contaminated soils for heavy metal
immobilization and improved soil quality—A critical review. Soil Sci. Plant Nutr. 2018, 64, 156–167. [CrossRef]
Toxics 2021, 9, 35 14 of 15
4. Verma, A.; Kumar, R.; Yadav, S. Distribution, pollution levels, toxicity, and health risk assessment of metals in surface dust from
Bhiwadi industrial area in North India. Hum. Ecol. Risk Assess. Int. J. 2020, 26, 2091–2111. [CrossRef]
5. Yuan, Y.; Sun, T.; Wang, H.; Liu, Y.; Pan, Y.; Xie, Y.; Huang, H.; Fan, Z. Bioaccumulation and health risk assessment of heavy
metals to bivalve species in Daya Bay (South China Sea): Consumption advisory. Mar. Pollut. Bull. 2020, 150, 110717. [CrossRef]
6. Cheng, W.H.; Yap, C.K. Potential human health risks from toxic metals via mangrove snail consumption and their ecological risk
assessments in the habitat sediment from Peninsular Malaysia. Chemosphere 2015, 135, 156–165. [CrossRef] [PubMed]
7. Usman, K.; Abu-Dieyeh, M.H.; Zouari, N.; Al-Ghouti, M.A. Lead (Pb) bioaccumulation and antioxidative responses in Tetraena
qataranse. Sci. Rep. 2020, 10, 1–10. [CrossRef]
8. Ihedioha, J.; Ukoha, P.; Ekere, N. Ecological and human health risk assessment of heavy metal contamination in soil of a municipal
solid waste dump in Uyo, Nigeria. Environ. Geochem. Health 2017, 39, 497–515. [CrossRef] [PubMed]
9. Adimalla, N.; Chen, J.; Qian, H. Spatial characteristics of heavy metal contamination and potential human health risk assessment
of urban soils: A case study from an urban region of South India. Ecotoxicol. Environ. Saf. 2020, 194, 110406. [CrossRef]
10. Usman, K.; Al-Ghouti, M.A.; Abu-Dieyeh, M.H. The assessment of cadmium, chromium, copper, and nickel tolerance and
bioaccumulation by shrub plant Tetraena qataranse. Sci. Rep. 2019, 9, 5658. [CrossRef]
11. Usman, K.; Al Jabri, H.; Abu-Dieyeh, M.H.; Alsafran, M.H.S.A. Comparative Assessment of Toxic Metals Bioaccumulation and the
Mechanisms of Chromium (Cr) Tolerance and Uptake in Calotropis procera. Front. Plant Sci. 2020, 11, 883. [CrossRef] [PubMed]
12. Peng, Y.; Kheir, R.B.; Adhikari, K.; Malinowski, R.; Greve, M.B.; Knadel, M.; Greve, M.H. Digital mapping of toxic metals in
Qatari soils using remote sensing and ancillary data. Remote Sens. 2016, 8, 1003. [CrossRef]
13. Wang, J.; Shan, Q.; Liang, X.; Guan, F.; Zhang, Z.; Huang, H.; Fang, H. Levels and human health risk assessments of heavy
metals in fish tissue obtained from the agricultural heritage rice-fish-farming system in China. J. Hazard. Mater. 2020, 386, 121627.
[CrossRef] [PubMed]
14. Wu, S.; Peng, S.; Zhang, X.; Wu, D.; Luo, W.; Zhang, T.; Zhou, S.; Yang, G.; Wan, H.; Wu, L. Levels and health risk assessments of
heavy metals in urban soils in Dongguan, China. J. Geochem. Explor. 2015, 148, 71–78. [CrossRef]
15. Souri, A.; Niyogi, S.; Naji, A. Distribution, source apportionment, bioavailability and ecological risks of metals in reef sediments
and corals of the Persian Gulf (Iran): Khark Island, Chirouyeh, and Hendorabi Island. Mar. Pollut. Bull. 2019, 149, 110654.
[CrossRef]
16. Al-Thani, R.; Yasseen, B. Phytoremediation of polluted soils and waters by native Qatari plants: Future perspectives. Environ.
Pollut. 2020, 259, 113694. [CrossRef] [PubMed]
17. Mehr, M.R.; Keshavarzi, B.; Moore, F.; Sharifi, R.; Lahijanzadeh, A.; Kermani, M. Distribution, source identification and health
risk assessment of soil heavy metals in urban areas of Isfahan province, Iran. J. Afr. Earth Sci. 2017, 132, 16–26. [CrossRef]
18. Tomlinson, D.; Wilson, J.; Harris, C.; Jeffrey, D. Problems in the assessment of heavy-metal levels in estuaries and the formation of
a pollution index. Helgol. Meeresunters. 1980, 33, 566–575. [CrossRef]
19. Madrid, L.; Díaz-Barrientos, E.; Madrid, F. Distribution of heavy metal contents of urban soils in parks of Seville. Chemosphere
2002, 49, 1301–1308. [CrossRef]
20. Cabrera, F.; Clemente, L.; Barrientos, E.D.; López, R.; Murillo, J. Heavy metal pollution of soils affected by the Guadiamar toxic
flood. Sci. Total Environ. 1999, 242, 117–129. [CrossRef]
21. Pan, L.; Wang, Y.; Ma, J.; Hu, Y.; Su, B.; Fang, G.; Wang, L.; Xiang, B. A review of heavy metal pollution levels and health risk
assessment of urban soils in Chinese cities. Environ. Sci. Pollut. Res. 2018, 25, 1055–1069. [CrossRef]
22. Kabata-Pendias, A.; Mukherjee, A.B. Trace Elements from Soil to Human; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2007.
23. Taylor, S.R.; McLennan, S.M. The geochemical evolution of the continental crust. Rev. Geophys. 1995, 33, 241–265. [CrossRef]
24. Salati, S.; Moore, F. Assessment of heavy metal concentration in the Khoshk River water and sediment, Shiraz, Southwest Iran.
Environ. Monit. Assess. 2010, 164, 677–689. [CrossRef]
25. Amin, B.; Ismail, A.; Arshad, A.; Yap, C.K.; Kamarudin, M.S. Anthropogenic impacts on heavy metal concentrations in the coastal
sediments of Dumai, Indonesia. Environ. Monit. Assess. 2009, 148, 291–305. [CrossRef] [PubMed]
26. Loska, K.; Wiechula, D.; Barska, B.; Cebula, E.; Chojnecka, A. Assessment of arsenic enrichment of cultivated soils in Southern
Poland. Pol. J. Environ. Stud. 2003, 12, 187–192.
27. Ahamad, M.I.; Song, J.; Sun, H.; Wang, X.; Mehmood, M.S.; Sajid, M.; Su, P.; Khan, A.J. Contamination level, ecological risk, and
source identification of heavy metals in the hyporheic zone of the Weihe River, China. Int. J. Environ. Res. Public Health 2020, 17,
1070. [CrossRef]
28. Hakanson, L. An ecological risk index for aquatic pollution control. A sedimentological approach. Water Res. 1980, 14, 975–1001.
[CrossRef]
29. Khodami, S.; Surif, M.; WO, W.M.; Daryanabard, R. Assessment of heavy metal pollution in surface sediments of the Bayan Lepas
area, Penang, Malaysia. Mar. Pollut. Bull. 2017, 114, 615–622. [CrossRef] [PubMed]
30. Liu, J.-J.; Ni, Z.-X.; Diao, Z.-H.; Hu, Y.-X.; Xu, X.-R. Contamination level, chemical fraction and ecological risk of heavy metals in
sediments from Daya Bay, South China Sea. Mar. Pollut. Bull. 2018, 128, 132–139. [CrossRef] [PubMed]
31. Chabukdhara, M.; Nema, A.K. Heavy metals assessment in urban soil around industrial clusters in Ghaziabad, India: Probabilistic
health risk approach. Ecotoxicol. Environ. Saf. 2013, 87, 57–64. [CrossRef] [PubMed]
Toxics 2021, 9, 35 15 of 15
32. Office of Emergency and Remedial Response, US Environmental Protection Agency. Risk Assessment Guidance for Superfund; Office
of Emergency and Remedial Response, US Environmental Protection Agency: Washington, DC, USA, 1989; Volume 1.
33. Xiao, R.; Awasthi, M.K.; Li, R.; Park, J.; Pensky, S.M.; Wang, Q.; Wang, J.J.; Zhang, Z. Recent developments in biochar utilization
as an additive in organic solid waste composting: A review. Bioresour. Technol. 2017, 246, 203–213. [CrossRef] [PubMed]
34. Baltas, H.; Sirin, M.; Gökbayrak, E.; Ozcelik, A.E. A case study on pollution and a human health risk assessment of heavy metals
in agricultural soils around Sinop province, Turkey. Chemosphere 2020, 241, 125015. [CrossRef]
35. Jiang, F.; Ren, B.; Hursthouse, A.; Deng, R.; Wang, Z. Distribution, source identification, and ecological-health risks of potentially
toxic elements (PTEs) in soil of thallium mine area (southwestern Guizhou, China). Environ. Sci. Pollut. Res. 2019, 26, 16556–16567.
[CrossRef] [PubMed]
36. Wu, S.; Xia, X.; Lin, C.; Chen, X.; Zhou, C. Levels of arsenic and heavy metals in the rural soils of Beijing and their changes over
the last two decades (1985–2008). J. Hazard. Mater. 2010, 179, 860–868. [CrossRef]
37. Kwon, J.C.; Nejad, Z.D.; Jung, M.C. Arsenic and heavy metals in paddy soil and polished rice contaminated by mining activities
in Korea. Catena 2017, 148, 92–100. [CrossRef]
38. Pandey, V.C.; Singh, J.S.; Singh, R.P.; Singh, N.; Yunus, M. Arsenic hazards in coal fly ash and its fate in Indian scenario. Resour.
Conserv. Recycl. 2011, 55, 819–835. [CrossRef]
39. Muller, G. Index of geoaccumulation in sediments of the Rhine River. Geojournal 1969, 2, 108–118.
40. Islam, M.S.; Ahmed, M.K.; Raknuzzaman, M.; Habibullah-Al-Mamun, M.; Islam, M.K. Heavy metal pollution in surface water
and sediment: A preliminary assessment of an urban river in a developing country. Ecol. Indic. 2015, 48, 282–291. [CrossRef]
41. Deng, Y.; Jiang, L.; Xu, L.; Hao, X.; Zhang, S.; Xu, M.; Zhu, P.; Fu, S.; Liang, Y.; Yin, H. Spatial distribution and risk assessment of
heavy metals in contaminated paddy fields—A case study in Xiangtan City, southern China. Ecotoxicol. Environ. Saf. 2019, 171,
281–289. [CrossRef] [PubMed]
42. Ogundele, L.T.; Adejoro, I.A.; Ayeku, P.O. Health risk assessment of heavy metals in soil samples from an abandoned industrial
waste dumpsite in Ibadan, Nigeria. Environ. Monit. Assess. 2019, 191, 1–10. [CrossRef] [PubMed]
43. Jiang, H.-H.; Cai, L.-M.; Wen, H.-H.; Hu, G.-C.; Chen, L.-G.; Luo, J. An integrated approach to quantifying ecological and human
health risks from different sources of soil heavy metals. Sci. Total Environ. 2020, 701, 134466. [CrossRef] [PubMed]
44. Mensah, A.K.; Marschner, B.; Shaheen, S.M.; Wang, J.; Wang, S.-L.; Rinklebe, J. Arsenic contamination in abandoned and active
gold mine spoils in Ghana: Geochemical fractionation, speciation, and assessment of the potential human health risk. Environ.
Pollut. 2020, 261, 114116. [CrossRef] [PubMed]
45. Hossain, M.T.; Hassi, U.; Huq, S.I. Assessment of concentration and toxicological (Cancer) risk of lead, cadmium and chromium
in tobacco products commonly available in Bangladesh. Toxicol. Rep. 2018, 5, 897–902. [CrossRef] [PubMed]
46. Kusin, F.M.; Azani, N.N.M.; Hasan, S.N.M.S.; Sulong, N.A. Distribution of heavy metals and metalloid in surface sediments of
heavily-mined area for bauxite ore in Pengerang, Malaysia and associated risk assessment. Catena 2018, 165, 454–464. [CrossRef]
47. Barbieri, E.; Fontúrbel, F.E.; Herbas, C.; Barbieri, F.L.; Gardon, J. Indoor metallic pollution and children exposure in a mining city.
Sci. Total Environ. 2014, 487, 13–19. [CrossRef]
48. Wcisło, E. Polish soil quality standards versus risk-based soil screening levels for metals and arsenic. Hum. Ecol. Risk Assess. Int. J.
2012, 18, 569–587. [CrossRef]
49. Adimalla, N. Heavy metals contamination in urban surface soils of Medak province, India, and its risk assessment and spatial
distribution. Environ. Geochem. Health 2020, 42, 59–75. [CrossRef]
50. Karimyan, K.; Alimohammadi, M.; Maleki, A.; Yunesian, M.; Nodehi, R.N.; Foroushani, A.R. The mobility of arsenic from highly
polluted farmlands to wheat: Soil–Plant transfer model and health risk assessment. Land Degrad. Dev. 2020. [CrossRef]
51. Zhang, J.; Yang, R.; Li, Y.C.; Peng, Y.; Wen, X.; Ni, X. Distribution, accumulation, and potential risks of heavy metals in soil and
tea leaves from geologically different plantations. Ecotoxicol. Environ. Saf. 2020, 195, 110475. [CrossRef]
